Trp-P-1/Cyclobutane pyrimidine dimers/(6-4)Photoproducts/S-phase arrest/Flow cytometry 3-Amino-l,4-dimethyl-5H-pyrido [4,3-b]indole (Trp-P-1) is known to be a mutagen and carcinogen isolated from the charred parts of cooked foods. We found previously that Trp-P-1 enhanced UV-induced lethality and mutation frequency in Escherichia coli by inhibiting the repair of UV-induced DNA damage.
INTRODUCTION
A number of heterocyclic amines including 3-amino-l,4-dimethyl-5H-pyrido [4,3-b] indole (Trp-P-1) and 3-amino-l-methyl-5H-pyrido [4,3-b] indole (Trp-P-2) have been isolated from the charred parts of broiled fish and meat, and found to be bacterial mutagens after incubation with microsomal enzymes'''. They have also proved to be clastogenic and mutagenic in cultured mam malian cells3'41, and carcinogenic in rodents 5-". However, since the daily doses administered to rodents were extraordinarily high, compared with those to which humans are chronically ex posed, extrapolation of the actual cancer risk to humans may be difficult''.
Many co-mutagenic and anti-mutagenic chemicals that modify mutagenesis are known""'. Considering that we are chronically exposed to various kinds of environmental mutagens such as heterocyclic amines, UV radiation, etc., interactions between chemicals and radiation might be come a problem to our health. Recently, we found that Trp-P-1 and Trp-P-2, without microsomal activation, enhanced UV-induced lethality and mutation frequency in E. coli at the concentra tions where they were neither toxic nor mutagenic by themselves''. Similar results were obtained by B-carbolines including 1-methyl-9H-pyrido [3,4-b] indole (harman) and 9H-pyrido [3,4-blindole (norharman), which were also detected in pyrolysates of tryptophan121. We also found that Trp-P I inhibited the repair of cyclobutane pyrimidine dimers (CPD) and (6-4)photoproducts (6-4PP) from the DNA of UV-irradiated E. coli, in a concentration-dependent manner''. More recently, we obtained evidence indicating that Trp-P-1 intercalated into DNA and inhibited the binding activity of T4 endonuclease V to UV-damaged DNA'`", even though we have not done the ex periment using UVRABC excision nuclease. These combined results suggest that Trp-P-1 en hances UV-induced lethality and mutation frequency in E. coli as a result of inhibiting the repair of UV-induced DNA damage probably by its intercalating activity.
On the other hand, in Chinese hamster CHO-K 1 cells, the number of chromosome aberra tions induced by UV was increased by post-treatment with Trp-P-1 or Trp-P-215'. This result lets us expect that Trp-P-1 might exert the enhancing effect in mammalian cells, as observed in E. coli. Thus, in the present study, we extended experiments to verify whether Trp-P-1 could en hance UV-induced lethality by inhibiting the nucleotide excision repair in cultured mammalian cells. Repair of the two major DNA damage produced by UV, CPD and 6-4PP, was determined using monoclonal antibodies specific for each type of lesion, which we had established 16,. Fur thermore, the combined effects of Trp-P-1 and UV irradiation on DNA synthesis and on cell cycle phase distribution were examined at various time points. As a result, the present study suggested that Trp-P-1 potentiated UV-induced lethality in cultured mammalian cells by induc ing the S-phase arrest, not by inhibiting the repair of DNA damage as observed in E. coli MATERIALS AND METHODS
Chemicals
Trp-P-1 was purchased from the Nard Institute (Osaka) and dissolved in dimethyl sulfoxide (DMSO).
Cells and cell culture Chinese hamster ovary (CHO-K 1) cells were cultured in Ham's F12 medium (Nissui Seiyaku, Tokyo) supplemented with 10% fetal bovine serum (FBS, Flow Lab., McLean, VA). HeLa S3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Nissui Seiyaku, Tokyo) supplemented with 10% FBS. Cells were grown in humidified air with 5% COQ at 37°C.
Clonogenic UV survival curves
Cells (400-4,000) were plated in 10-cm Falcon dishes and cultured for 4 h for attachment. Then, cells were washed with PBS and UV-irradiated with a low-pressure mercury lamp (Toshiba GL-10, Tokyo; predominantly 254-nm UV) at a dose rate of 0.42 J/m--/s, which was monitored by a Topcon UV Radiometer (Topcon, Tokyo). Immediately after irradiation, cells were exposed to the medium containing Trp-P-1 or DMSO for 24 h, washed with PBS, and cultured in a chemi cal-free medium for 2 weeks. Colonies were fixed, stained and counted. Then, the percent sur vival as a function of UV dose with or without post-UV treatment of Trp-P-1 was calculated.
Measurement of UV-induced DNA damage
Cells were prelabelled with 1.85 kBq/ml of [2-"C]thymidine (2.0 GBq/mmol, Amersham) for 2 days. Cells (1-2 x 10") were then plated in 10-cm dishes and cultured overnight in a radio isotope-free medium. After washing with PBS, cells were UV-irradiated and incubated for DNA repair in the medium containing Trp-P-1 or DMSO. Immediately after irradiation or after post UV incubation, cells were harvested and genomic DNA was purified using the phenol/isoamyl alcohol-chloroform procedure"'. DNA concentration was calculated from the absorbance at 260 nm, and "C-radioactivity of DNA was measured by liquid scintillation counter (LSC-5 100, Aloka, Tokyo).
The CPD and 6-4PP in DNA were quantitated by an enzyme-linked immunosorbent assay (ELISA) using damage-specific monoclonal antibodies (TDM-2 for CPD, and 64M-2 for 6-4PP). The specificity of these antibodies has been examined in detail, showing no detectable cross reactivity between CPD and 6-4PP, respectively, for T-T, T-C, C-T, or C-C'1'. Details of the method have been described previously","'. In brief, 96-well polyvinylchloride flat-bottom microtiter plates (Dynatech, Chantilly, VA), pre-coated with I% protamine sulfate, were coated with sample DNA (0.3 Bq/well for CPD, 6 Bq/well for 6-4PP). In the present experiment, the equal radioactivity of DNA, instead of the equal amount of DNA calculated from the absorbance at 260 nm, was coated in order to correct the decrease in photolesions per DNA by possible DNA replication during a post-UV incubation period. 0.3 and 6 Bq DNA corresponded to 15 and 300 ng DNA, respectively, of cells without post-UV incubation. The binding of monoclonal antibod ies to photolesions in immobilized DNA in wells (in quadruplicate) was detected with biotinylated F(ab')2 fragment of goat anti-mouse immunoglobulin G (Zymed, San Francisco, CA) and then streptavidin-peroxidase (Zymed). The absorbance of colored products derived from o-phenylene diamine (Sigma) was measured at 492 nm by Titertek Multiskan Plus MKII (Labsystems, Helsinki, Finland). For examining repair kinetics, the percentage of the initial number of photolesions was calculated at various times after UV irradiation using the damage induction standard curves, obtained from the samples irradiated with 0, 2.5, 5, 7.5 and 10 J/m'.
Measurement of DNA synthesis
HeLa S3 cells were prelabelled with 1.85 kBq/ml of [2-''C]thymidine for 3 days. Cells (8 x 10') were then plated in 24-well plates containing plastic coverslips (Sumitomo Bakelite, Tokyo) and cultured overnight in a radioisotope-free medium. After washing with PBS, cells were irradi ated with 10 J/m of UV and incubated for 24 h in the medium containing Trp-P-1 or DMSO. DNA synthesis was measured by pulse-labelling with [methyl-3H]thymidine (370 kBq/ml; 1.78 TBq/mmol, Amersham) for 30 min at the indicated time points after UV irradiation. Cells on coverslips were rinsed with PBS, cold trichloroacetic acid (TCA), 70% ethanol, 99% ethanol, and dried. Then, the radioactivity of each sample was measured by liquid scintillation counter.
The percent of control DNA synthesis shows the 3H/'4C incorporation of irradiated and/or Trp-P 1-treated cells divided by the 3H/'4C incorporation of unirradiated and DMSO-treated control cells.
Flow cytometrv
HeLa S3 cells (2 x 10') were cultured in 10-cm Falcon dishes for 24 h. Cells were irradiated with 10 J/m' of UV, incubated in the medium containing Trp-P-1 or DMSO for 24 h and then in a chemical-free medium for 24 h. At 5, 24 and 48 h after UV irradiation, cells (both floating and attached) were harvested and counted. Cells (2 x 106) were then fixed with cold 70% methanol for l h, treated with propidium iodide at 50,ug/ml and RNase A at 1 mg/ml for 30 min. Samples were analyzed on a Becton Dickinson FACScan flow cytometer for DNA content measured as propidium iodide fluorescence. Histograms were generated from the flow cytometric data by using Cell Quest software, and the cell cycle phase distribution was calculated by using ModFit LT software.
RESULTS
Effects of Trp-P-1 on colony formation, UV-induced lethality and repair of UV-induced DNA damage in CHO-K] cells Figure I A shows the clonogenic survival curve of CHO-K I cells treated with various con centrations of Trp-P-1 for 24 h. Trp-P I at 0.2 and 2 ug/ml showed no and weak cytotoxicities, respectively. However, no colony was seen after treatment of 10µg/ml Trp-P-1 (data not shown).
Figure 1 B shows the clonogenic survival curves of CHO-K 1 cells irradiated with UV and followed by treatment of Trp-P-1 or DMSO for 24 h. Since 2 pg/ml Trp-P I had weak cytotoxic ity, the UV survival curve was normalized for that cytotoxicity. Almost no sensitizing effect on UV survival was observed by 0.2 ,ug/ml Trp-P I treatment. In contrast, 2 ,ug/ml Trp-P-1 signifi cantly enhanced UV-induced lethality. Trp-P-1 at 10 pg/ml was also challenged, but was too toxic to make colonies (data not shown).
Figure I C shows the repair patterns of both CPD and 6-4PP from the genomic DNA of CHO-K1 cells irradiated with 10 J/m' of UV, during a 24-h post-UV incubation with or without Trp-P-1. In accordance with the evidence that cultured rodent cells repair CPD inefficiently 19.20' less than 20% of the initial CPD was found to be removed during a 24-h post-UV period. Thus, it was difficult to judge whether Trp-P-I inhibited the repair of CPD. In contrast, CHO-K1 cells repaired about 90% of the initial 6-4PP at 6-h incubation and almost 100% within 24 h. The result indicating that the removal of 6-4PP is far more rapid than that of CPD is consistent with the published data " '20,21) . No significant repair inhibition of 6-4PP was found by 0.2 or 2 pg/ml Trp P I treatment. However, the supralethal concentration of Trp-P 1 (10 pg/ml) inhibited the re moval of 6-4PP by 27% at 6-h incubation, even though such repair inhibition became minimal at 24 h after irradiation. Effects of Trp-P-1 on colony formation, UV-induced lethality and repair of UV-induced DNA damage in HeLa S3 cells Since CHO-K 1 cells showed the inefficient repair of CPD, similar experiments were carried out using human cells with higher repair capabiIity20.--". Figure 2A shows the clonogenic survival curve of HeLa S3 cells treated with various concentrations of Trp-P-1 for 24 h. Trp-P-l increased cytotoxicities with increasing concentrations. Trp-P-1 at 2 and 5 µg/ml reduced the percent sur vivals to 70 and 5%, respectively. Figure 2B shows the clonogenic survival curves of HeLa S3 cells irradiated with UV and then exposed to Trp-P-1 or DMSO for 24 h. The UV survival curves were normalized for the cytotoxicities of various concentrations of Trp-P 1. Trp-P-1 enhanced UV-induced lethality in a concentration-dependent manner. Treatment of 2 pg/ml Trp-P-1 after UV irradiation (10 J/m'-) reduced the percent survivals from 36% to 7%.
In Figure 2C , we investigated whether 5 ug/ml Trp-P-1, which had showed the most effec tive enhancement of UV-induced cell killing, inhibited the repair of the two major photolesions from the genomic DNA of HeLa S3 cells irradiated with 10 J/ma. HeLa S3 cells repaired 50% of the initial CPD at 8 h and almost 100% of the initial 6-4PP at 2 h after irradiation. It is clear that 5 pg/ml Trp-P-1 does not affect the removal of both photolesions from the genomic DNA at all.
Effect of Trp-P-1 on UV-induced inhibition to DNA synthesis To find a mechanism of the enhancing effect on UV-induced cell killing by Trp-P-1, we studied the effect of Trp-P-1 on UV-induced inhibition to DNA synthesis (Fig. 3) . UV reduced relative DNA synthesis to 10.9% at 5 h. However, DNA synthesis quickly recovered to 38.6% at 10 h and then went down again to 11.5% at 24 h. Trp-P-1 at 2 and 5 pg/ml, without UV, de creased relative DNA synthesis with increasing exposure times. They reduced the percent of control DNA synthesis to 3.5 and 0.69% at 24-h incubation. On the other hand, the combined treatment of Trp-P-l and UV reduced relative DNA synthesis to lower level than any single treatments, at least during a 10-h post UV period. At 24 h, the combined treatment strongly suppressed DNA synthesis, but the suppression level was similar to that of Trp-P-1 single treat ment. Flow cytometric analysis of cell cycle phase distribution of HeLa S3 cells with UV irradiation and/or post-UV treatment of Trp-P-1
To find a mechanism of the reduction in DNA synthesis observed in Fig. 3 , the cell cycle phase distribution of HeLa S3 cells after UV irradiation and/or post-UV treatment of Trp-P-1(24 h) was investigated at three different post-UV times using flow cytometry. Typical data were presented in Fig. 4 .
Control HeLa S3 cells had typical distribution petterns of DNA content with 2C (G, phase) and 4C (G2/M phase) peaks as shown in Figs. 4A(5), 4A(24), 4A(48). At 5 h after UV irradiation, no large difference in cell cycle phase distribution between UV and/or chemical treatments and control was observed. However, at 24 h, UV increased the number of G,/M phase cells (G. arrest), but not that of S phase cells (Fig. 4B(24) ). In contrast, Trp-P-1 increased the number of S phase cells in a concentration-dependent manner (Figs. 4C (24), 4E(24)). Approximately 34 and 54% of total cells were accumulated in S phase by 2 and 5 ug/ml Trp-P-1, respectively, even though S phase cell population was only 16% in control cells (Fig. 4A(24) ). Furthermore, Trp-P 1 combined with UV was found to force more cells to stay in S phase than Trp-P l alone (Figs.
4D (24), 4F(24)). Surprisingly, more than 65% of total cells was arrested in S phase. At 48 h, the cell cycle phase distribution patterns were almost similar to those at 24 h. This indicates that S phase arrest still continued at 24 h after the removal of Trp-P-1. The number of HeLa S3 cells after UV irradiation and/or post-UV treatment of Trp-P 1(24 h) was counted at three different post-UV times (Fig. 5) . The single treatment of either UV or 2 pg/ml Trp-P-l reduced the growth rate to almost half, compared with that of control. The cell growth was completely inhibited during a 48-h post-UV period by either 5 pg/ml Trp-P-1 single treatment or the combined treatment of 2 pg/ml Trp-P-1 and UV. Furthermore, the decrease in cell number was clear at 48 h, compared with at 5 or 24 h, after the combined treatment of 5 pg/ ml Trp-P-1 and UV.
DISCUSSION
Trp-P-1 sensitized CHO-KI cells to UV radiation at the concentration of 2 pg/ml. Trp-P-l (0.8-5 pg/ml) also potentiated UV-induced lethality in HeLa S3 cells in a concentration-depen dent manner. However, 2 pg/ml Trp-P I did not affect the removal of 6-4PP from genomic DNA of UV-irradiated CHO-K1 cells at all. Similarly, no inhibition of the repair of both CPD and 6 4PP was observed after post-UV treatment of 5 pg/ml Trp-P-1 in HeLa S3 cells. These results definitely indicate that the potentiation of UV-induced lethality in CHO-K1 and HeLa S3 cells by Trp-P-1 is not due to inhibition of the repair of UV-induced DNA damage. This was an unex pected conclusion for us. Because, we have found that Trp-P-1 enhanced UV-induced lethality and mutation frequency in E. coli at the concentrations (0.03-0.3 pg/ml) where it was neither toxic nor mutagenic by itself''-', and that Trp-P-1 inhibited the removal of both CPD and 6-4PP from the DNA of UV-irradiated E. coli, in a concentration-dependent manner"'. In the experi ment, 40 and 80% of repair inhibition of both photolesions were found by 0.2 and 2 pg/ml of Trp P-1, respectively. A low, but significant repair inhibition was observed even by 0.02 pg/ml of Trp-P-1. Furthermore, we have obtained evidence indicating that Trp-P-1 intercalated into DNA and inhibited the binding activity of T4 endonuclease V to UV-damaged DNA 141, even though we have not done the experiment using UVRABC excision nuclease. These combined results strongly suggest that Trp-P-1 enhances UV-induced lethality and mutation frequency in E. coli by inhib iting the repair of the two primary photolesions probably through DNA intercalation.
In the present study, however, the supralethal concentration of Trp-P 1 (10 pg/ml) was found to be able to inhibit the removal of 6-4PP by 27% at 6-h incubation in CHO-K1 cells. Castellani and Setlow have reported the similar result indicating that 36 and 109 pg/ml harman, a pyrolysis product of tryptophan having a similar chemical structure to Trp-P-1 and an intercalater into DNA 22), inhibited the repair of CPD by 30 and 75%, respectively, at 6-h incubation in normal human fibroblasts-3'. Although the cytotoxicities of these concentrations of harman have not been studied in the experiment, Chang et al. have found that Chinese hamster V79 cells were unable to make colonies when cells were exposed to 20 pg/ml harman for the entire period of colony development241. Thus, 36 and 109 pg/ml of harman are most likely to be within the range of supralethal concentrations for human cells. These combined results suggest that the supralethal concentration is essential for Trp-P-1 to inhibit the repair of UV-induced DNA damage in mam malian cells, and that the nucleotide excision repair in mammalian cells is more resistant to Trp P-1 than that in E. coli. This might be explained by the difference in accessibility of Trp-P-1 into UV-damaged DNA or in the mechanism of nucleotide excision repair between mammalian cells and E. coli 25'.
Trp-P-1 proved to efficiently suppress DNA synthesis and arrest cells in S phase in concen tration and time-dependent manners, as measured by pulse-labelling with 3H-thymidine and flow cytometry. UV is also known to give rise to an immediate block to DNA replication, as well as suppression of RNA synthesis, as a result of inhibition of replicon initiation and chain elonga tion by UV-induced DNA damage '-~-'y'. Indeed, the inhibition of DNA replication was observed at 2 and 5 h after UV irradiation, even though such inhibition decreased at 10 h. UV was found to increase the percentage of G2/M cells, but not that of S-phase cells at 24 h after irradiation. The combined treatment of Trp-P-1 and UV enhanced not only the suppression of DNA synthesis but also S-phase arrest, compared with the single treatment of Trp-P-1. Surprisingly, 65 and 73% of total cells remained arrested in S phase at 24 h by 2 and 5 pg/ml Trp-P-1, respectively, combined with UV. These results suggest that the prolonged arrest in S phase, probably induced through the block to DNA replication, by Trp-P-1 may be related to its toxicity and the sensitizing effect on UV-induced lethality. Indeed, the fractions of HeLa S3 cells arrested in S phase at 24 h after Trp P-1 treatment with or without UV are inversely correlated with the clonogenic survivals after the same treatments. Furthermore, there is a good correlation between the clonogenic survivals and the cell growth curves during a 48-h period, after UV and/or Trp-P-1 treatments. Thus, the pro longed arrest in S phase by Trp-P-1 is strongly suggested to be responsible for its toxicity and the sensitizing effect on UV-induced lethality. The prolonged arrest in S phase may induce uncou pling of S phase and mitosis, and may lead to cell death through apoptosis3°-3z'. Alternatively, it may suppress cell growth and lead to the decrease in the number of surviving colonies").
The S-phase arrest or the inhibition of DNA synthesis caused by 2-5 µg/ml Trp-P-1 treat ments with or without UV is most likely to be due to its intercalating activity into DNA, because of the following evidence. First, Trp-P-1 is confirmed to intercalate into DNA by CD spectros copy") and DNA unwinding assay"'. Secondly, other well-known intercalaters have the similar inhibitory effects on DNA replication. Ethidium bromide is found to inhibit DNA synthesis in permeable CHO cells35'. Doxorubicin (adriamycin) also inhibits DNA synthesis by slowing the rate of chain elongation 36). Thirdly, 5 µg/ml Trp-P-1 does not increase the number of diphtheria toxin resistant mutants in Chinese hamster lung cells'), suggesting the low possibility of the cova lent interaction of Trp-P-1 with DNA at this concentration, at least.
Humans are chronically exposed to small amounts but many kinds of heterocyclic amines and B-carbolines through the charred parts of foods. Humans are also chronically irradiated with UV from sunlight. In this study, Trp-P-1 was found to enhance both UV-induced lethality and UV-induced block to DNA replication in human cells probably by intercalation into DNA. How ever, Trp-P-1 is not the only pyrolysis product possessing the intercalating activity. Harman and norharman are known to have the same activity22'. Considering that many pyrolysis products (including Trp-P-1) have a multicyclic planar structure, the intercalating activity may be a com mon feature of them. If this is a case, the small amounts but many kinds of pyrolysis products, to which humans are chronically exposed, may be able to enhance both UV-induced lethality and UV-induced block to DNA replication by integrating each intercalating activity. Thus, it is im portant to examine the intercalating activities of various heterocyclic amines and B-carbolines isolated from the charred parts of cooked foods.
